Ore-based steelmaking generates a variety of residues including dusts, sludges and slags. Recycling of these residues within the process or via other applications is essential for sustainable production from both environmental and economic aspects. In blast furnace (BF) ironmaking, there are generally two residues leaving the gas cleaning equipment; namely, BF dust and BF sludge. Traditionally, the dust is recycled via the sinter or, in the case of pellet based BF, via cold bonded agglomerates and injection. As the main output of zinc from the BF is the top gas, the sludge has to be dezinced prior to recycling to prevent accumulation of zinc in the furnace. Although dezincing of BF sludge has been successfully accomplished using e.g., hydrocycloning, the studied sludges are generally coarse sized and high in zinc. Furthermore, information is lacking regarding the efficiency of separation of different hydrocyclone setups. In the present work, hydrocycloning of a fine sludge, with low zinc content, generated by a pellet based BF has been studied. The gas cleaning equipment used to produce the sludge was running a primary aerocyclone and a scrubber. A characterization of the sludge has been conducted together with an evaluation of the separation efficiency of the hydrocyclone in order to assess the hydrocyclone performance and limitations. Furthermore, the dezincing using the hydrocyclone has been compared to that of sulfuric acid leaching. The results suggest that 51 to 93% of the sludge can be recycled depending on the demand on zinc removal and the chosen dezincing route.
Introduction
Ore-based steelmaking generates a variety of residues including dusts, sludges and slags. Recycling of these residues within the process or via other applications is essential for sustainable production from both an environmental and economic aspect. Environmental legislation and the cost of raw material and energy continue to drive efforts towards increased recycling.
In BF ironmaking, the ferrous burden agglomerates charged can be of several types including sinter, pellets and lump ore. Regardless of which type of agglomerate is charged, mechanically and chemically formed dust leaves the furnace via the top-gas. In general, this top-gas carrying the dust particles goes through gas cleaning equipment, generating a coarser fraction commonly labeled BF dust and a scrubbed, finer, fraction labeled BF sludge.
Depending on the way the BF is operated there are different ways of recycling these residues. At integrated steel works operating a sinter plant, the BF dust is generally included in the sinter and consequently recycled back to the BF. Operating on pellets the recycling of BF dust back to the BF can be achieved via cold-bonded agglomerates and injection through the tuyeres. Due to the characteristics of zinc, there are similarities in the challenges of recycling both the dust and sludge back to the BF, regardless of ferrous burden agglomerate. The main output of zinc in the BF is through the top gas. Recycling of all dust and sludge back to the BF implies that an accumulation of zinc would occur.
As the recycling of BF dust via the sinter is established, the challenge of the zinc accumulation has been recognized and studied previously. To enable the recycling of BF sludge to the BF, a bleed of zinc has to be introduced. Therefore, by dezincing the sludge, a zinc-depleted fraction can be recycled, consequently decreasing the material being landfilled. When recycling zinc containing residues via the sinter, part of the zinc content is evaporated during the sintering process. 1) Therefore, when operating the BF on pellets, recycling the BF dust via cold-bonded agglomerates and injection, the requirements imposed on zinc removal from BF sludge is higher than when operating on sinter.
The removal of zinc from BF sludge has been successfully accomplished using hydrocyclones in lab scale, 2, 3) pilot plant scale 3, 4) and full scale. 3, 5) Furthermore, hydrocycloning in a one stage, [2] [3] [4] [5] two stage 3, 4) and a three stage 6) process has been reported. Also, zinc has been successfully leached from BF sludge using sulfuric acid, 7) hydrochloric acid 2, 8) and a mix of prop-2-enoic acid and methylbenzene 9) with varying results for the unwanted dissolution of iron. Other dezincing methods that have been reported include flotation 2) and microwave heating. 10) Two characteristics of the different BF sludges previously subjected to hydrocycloning can be identified as i) the sludges have a coarse particle size distribution 2, 5) and ii) the zinc contents are in the range of, 2, 4, 5) or significantly higher 5) than, 1% Zn. The difference in particle size distribution observed between different sludges can be attributed to the gas cleaning equipment separating the BF dust and sludge.
Operating an aerocyclone instead of a simple dust catcher as primary gas cleaning equipment generates a significantly finer sludge.
In the current paper, hydrocycloning of a fine sludge, with low zinc content, generated by pellet operated BF with gas cleaning equipment running a primary aerocyclone has been studied. Previous studies including hydrocycloning of BF sludge [2] [3] [4] [5] [6] have neglected the efficiency of separation in the evaluation of the results. In the present paper, an assessment of the efficiency of separation has been included in the evaluation of hydrocyclone operating and dimensioning parameters. Also, the efficiency of separation has been considered in a comparison of one-and two-stage hydrocycloning. Furthermore, the thorough characterization of the BF sludge included in the present paper has been utilized in the assessment of the hydrocycloning performance and limitations. Additionally, the hydrocyclone experiments have been evaluated utilizing a multi-objective optimization approach aiming to maximize the removal of zinc and recovery of iron, carbon and total solids.
In addition to the characterization and hydrocycloning, leaching experiments in sulfuric acid have been performed to offer a comparison of what can be expected in terms of zinc removal and recovery of iron, carbon and total solids from a fine BF sludge with low zinc content when dezincing with either leaching or hydrocycloning.
Experimental

Characterization
Fresh BF sludge from SSAB Oxelösund, sampled by SSAB Merox, was used in the present study. Table 1 presents a summary of the different experiments included in the study. The chemical composition of the sludge was determined by SSAB using a Thermo Scientific ARL 9800 X ray fluorescence (XRF) instrument operating a rhodium tube. The carbon and sulfur content of the sludge was determined by SSAB using the LECO CS444 combustion infrared detection instrument and the zinc content was analyzed by ALS Scandinavia AB using inductively coupled plasma mass spectrometry (ICP-MS). The digestion of the sample prior to the ICP-MS analysis was achieved by microwaveassisted dissolution in a mixture of nitric acid, hydrochloric acid and hydrofluoric acid.
Ultrasonic sieving was performed in water using a 20 μm stainless steel sieve and polyamide cloth sieves with openings of 11 μm and 5 μm. The ultrasound was applied to avoid agglomeration of the particles during the sieving operation. The ultrasonic sieving was used to fractionate the sludge in order to analyze the different size fractions using XRF, LECO and ICP-MS according to the above.
Laser diffraction using a CILAS 1064 unit was utilized to determine the particle size distribution of the sludge. The results were evaluated using the Fraunhofer approximation. Furthermore, the mineralogical composition of the BF sludge was determined using a PANalytical Empyrean XRD unit operating on Cu Kα radiation. Also, the morphology and composition of the sludge was studied using scanning electron microscopy (SEM) together with energy dispersive X-ray spectroscopy (EDS). A Gemini Zeiss Merlin microscope with an Oxford EDS detector was used.
Hydrocycloning
Hydrocycloning was performed in laboratory scale using hydrocyclones from AKW Apparate + Verfahren GmbH with varying sizes of the inlet, apex and vortex finder. Also, the experiments were conducted using different inlet pressures and solids percentages of the feed. A two-stage setup, where the underflow from the first hydrocyclone was diluted and fed to a second hydrocyclone, was also tested. The two hydrocyclone setups and the sampling points are illustrated in Fig. 1 .
In order to evaluate the separation achieved in the hydrocyclone experiments, two different methods were employed; namely, partition curves and sharpness of separation. The partition curves, or Tromp curves, were produced based on the particle size distribution of the overflow and underflow as well as the split of water and solids. The Tromp curve relates the particle size to the weight fraction of each particle size in the feed which reports to the underflow. The imperfection, I, calculated according to Eq. (1), was used to evaluate the sharpness of separation. 
Leaching
The leaching experiments were conducted using sulfuric acid. The choice of acid was based upon availability and price to ensure relevant results for industrial practice. Two different leaching experiments were conducted. The first experiment, aiming at determining the ratio between weak acid soluble zinc minerals and franklinite, was conducted at a pH of 3, a temperature of 80°C and a liquid solid ratio of 10. Sampling of the leaching liquor throughout the experiment was used in order to ensure complete leaching of the weak acid soluble zinc phases. The experiment was ended after six hours. The second experiment was performed at a pH of 1, a temperature of 80°C and a liquid solid ratio of 10. The leaching liquor was sampled throughout the leaching and the experiment was ended after 30 minutes. In both leaching experiments the leaching residue was separated from the leaching liquor by filtration. After the filtration, the filter cake was washed with deionized water. The pH value and temperature of the experiments were controlled manually and yield calculations were based upon the analyses of the untreated sludge and washed leaching residue. Sulfuric acid of 5 M concentration was used for the pH control.
Results and Discussion
Characterization
Considering the composition of the BF sludge, presented in Table 2 , dominated by iron and rich in carbon, it is clear that it is of interest to recycle this residue back to the process. In addition to reducing the amount of material sent to landfill, recycling would increase the material and energy efficiency of the process. The composition of the sludge reflects the operation of the BF. The iron and carbon content represent the dust formation of the materials charged in the highest amounts, namely iron ore pellets, coke and coal. The other elements can be attributed to slag formers, recycling of in plant residues and gangue in both the iron ore pellets and coke.
Zinc, with its boiling point of 907°C, travels with the ascending gas in the BF, condensing in the upper parts of the furnace. The dust-forming mechanism of zinc can therefore be assumed to be mainly chemical rather than mechanical. Consequently, it is expected that zinc, having little opportunity to form larger particles, will be dominantly distributed in the finest fraction of the sludge. Furthermore, it is expected that zinc will condense on finer particles to a larger extent due to the specific surface area. The results of the ultrasonic sieving, presented in Table 3 , are in line with these expectations.
The zinc content of the sludge studied in the present paper is considerably lower compared to sludges that have been investigated in previous studies. 2, 4, 5, 7, 9) In the case of upgrading using hydrocyclones, the zinc content of the untreated sludge in the present study is less than 5) or in the range of 4) the zinc content of the dezinced fraction published previously. This highlights the aim of dezincing: to introduce a bleed of zinc from the furnace, regardless of how low the starting zinc content is, rather than reaching a generalized zinc content of the dezinced fraction to be recycled. The fineness of the sludge, as seen in Fig. 2 , is an effect of utilizing an aerocyclone as the primary gas cleaning equipment. In comparison to the widely used gravity dust catcher, the aerocyclone is operating at higher efficiencies and achieving separation at significantly lower particle sizes.
11) The effect of using an aerocyclone or a dust catcher on the distribution of zinc in the BF sludge is illustrated when comparing the results of the ultrasonic sieving of the Table 2 . Chemical composition in weight% of the BF sludge. present study with results from a study by Heijwegen and Kat. 2) In the present study, sludge produced from scrubbing the fine fraction generated by an aerocyclone carried 73.6% of the total zinc content in the minus five micron fraction. The same size fraction contained a comparable figure of 75% of the total zinc content of a sludge produced by scrubbing the fine fraction from a dust catcher. 2) In comparison, the distribution of the total solids in these fractions was 49.2% in the present study and 16% in that of Heijwegen and Kat.
2) Although the behavior of zinc in the BF, and therefore the characteristics of the BF sludge, is dependent on the operation of the furnace, it is likely that the difference observed is an effect of the different primary gas cleaning equipment.
Considering the difference between the distribution of zinc in BF sludge coming from a primary aerocyclone and a primary dust catcher it is clear that the potential to separate zinc by size classification equipment is greater in the latter case. Nonetheless, the results in Table 3 suggest that the effectiveness of utilizing a primary aerocyclone to enable recycling of the dust formed in the BF could possibly be even further improved by introducing an additional separation by size. The hydrocyclone, achieving separation by size and specific gravity, is a candidate, as it can be operated to classify down to cut size, d 50 , of 2 μm.
12)
The main mineral phase in the BF sludge, according to the XRD, is hematite. This is reasonable, considering the iron content and the fact that mechanical dust formation from the iron burden generates hematite dust particles. Furthermore, from the relative intensities, it can be concluded that magnetite is the second-most common iron phase followed by wüstite. Other mineral phases detected were calcite, periclase and graphite. Also, it is acknowledged that the peaks of silica and graphite are overlapping. Running the XRD measurement on the plus 20 micrometer fraction, rich in carbon, a hump in the diffractogram was observed between 20 and 30 °2θ, which is attributed to the amorphous coke. The diffractogram of this measurement is given in Fig. 3 .
Considering the phase determination of zinc in BF sludge using XRD, two challenges are faced. First and foremost, the probable phases of franklinite and smithsonite are isostructural with magnetite and calcite, respectively. Second, the zinc content is low, rendering conventional XRD unsuitable to use. Two different methods have been reported to successfully determine the distribution of the zinc phases in waste oxide dusts from integrated steel plants; namely, sequential extraction 8, 13, 14) and methods utilizing synchrotron induced X rays. 14, 15) In this study a leaching experiment inspired by sequential extraction was conducted in order to determine the distribution between acid soluble zinc phases and franklinite.
The results of the leaching experiment showed that, at a pH of 3 and a temperature of 80°C, 80% of the zinc is readily soluble in weak acid conditions, leaving 20% distributed as franklinite. Phases soluble under these conditions are zincite and smithsonite. It has been demonstrated that distinguishing between zincite and smithsonite using sequential extraction is problematic. 14) Therefore, the results achieved in the weak acid leaching were considered satisfactory and no attempts to distinguish between the weak acid soluble phases were made.
From this leaching experiment it can be concluded that a hydrometallurgical process is of interest to investigate, as 80% of the zinc was leached under weak acid conditions. By introducing more harsh leaching conditions it is expected that the zinc removal can be further improved by franklinite leaching.
The moisture content of the sludge sample allowed the sludge to be formed into a tablet. After drying, the tablet was split in half to study the fresh surface in the SEM. Figures 4(a) and 4(b) illustrate the strategy of the SEM study. The two images show the same particle using two different detectors. The image in Fig. 4(a) was acquired using the Energy selective Backscatter (EsB) detector operating a grid of 1.45 kV at an acceleration voltage of 1.5 kV. The compositional contrast of the low loss backscattered electrons detected by the EsB detector was utilized in order to distinguish between different phases. The morphology of the sludge sample was studied using the Secondary Electron (SE) detector, Fig. 4(b) . Finally the composition of areas of interest was determined using EDS.
The particle of several microns in size seen in Figs. 4(a) and 4(b) is an iron oxide particle. It is carrying particles in the submicron size range. Particles A, B and C marked in Fig. 4(b) are calcium oxide, iron oxide and carbonaceous material, respectively. There are two limitations of using the EDS detector to analyze the present sample. First, the sample is not polished; however, areas such as the one in Figs. 4(a) and 4(b) were favored in order to analyze somewhat flat surfaces. Nonetheless, the present approach was favored over analyzing polished powder samples mounted in epoxy, as it was considered that the information of particles found on the surface of other particles would be lost due to polishing. The second limitation of the EDS analysis, using the present approach, is recognized as the difficulty to analyze particles in the micron size range considering the interaction volume. Therefore, an acceleration voltage of 6.0 kV was utilized as a compromise between interaction volume and information from the spectra. Considering this, the approach cannot be used to get information about the elemental composition related to mineral phases of the submicron particles on the surface of the larger substrate particle. However, in combination with the XRD it can be determined that it is more likely that particle A is calcite rather than calcium ferrite and that the iron content of the EDS analysis of this particle comes from the fact that the interaction volume penetrates into the iron oxide substrate particle. Also, using the results from the XRD as a starting point, it can be assumed that the carbonaceous particle marked C in Fig. 4(b) is either coke or graphite. Using the approach described above the sample was analyzed, giving information that can be summarized as following. First, the morphology of the carbonaceous particles is generally flaky. Furthermore, particles larger than several microns generally carry particles in the submicron and micron range adhered to their surfaces. These particles found on the surface include particles of coke or graphite, iron oxide, calcium oxide and particles rich in silicon and aluminum. Also, agglomerates of particles in the micron and submicron range were found. The agglomerates are hard to analyze, as the surface is generally rough and the interaction volume includes several phases.
Concerning zinc, no larger particles with a composition corresponding to zincite, smithsonite or franklinite were found. However, zinc was readily found in the sample, as about 76% of the analyzed points contained zinc. From the EDS analyzes it was found that the matrix of the carbonaceous particles did not contain any zinc. Nevertheless, considering that the micron and submicron particles deposited on the surface carry zinc, these particles of coke or graphite are associated with zinc. Furthermore, the seemingly clean surfaces of larger iron oxide particles, such as area D in Fig. 4(b) , were analyzed for zinc, suggesting that zinc is included in the iron oxide matrix on the surface. As zinc was detected in spectrums rich in calcium and silicon, the results suggested that zinc is associated with all phases and it could therefore not be determined if the condensation of zinc is favored on certain phases.
In order to acquire statistics on association of zinc with specific phases, automated scans using INCA software from Oxford Instrumentals were conducted. The approach was discontinued as the lower limit of particle size scanned with confidence was not satisfactory to acquire statistical results representing the whole sample. Therefore, the results of the qualitative association of zinc, as presented above, were considered satisfactory.
Hydrocycloning
3.2.1. Response to Dimensioning and Operating Parameters As the efficiency of separation is affected by the parameters that were altered in the study, a set of experiments was conducted to investigate the response of the performance when changing the inlet pressure and dimensioning of the hydrocyclone.
The response of the capacity, or feed rate, with increasing inlet pressure is illustrated by Fig. 5(a) . Increasing inlet pressure results in an increase in the capacity. Consequently, the centrifugal force exerted on the particles in the feed is higher and the finer particles settle faster and report to the underflow, decreasing the cut size, d 50 , Fig. 5(a) . Furthermore, it was observed that the imperfection is on average lower for inlet pressures of 1.6 bar and higher. Thus, a higher inlet pressure favors sharpness of separation.
As illustrated by Fig. 5(b) , increasing inlet pressure is accompanied by a decrease in zinc content of the underflow. Intuitively, this contradicts the trend of lower cut size with increasing inlet pressure, considering the distribution of zinc in the finer fractions, as shown in Table 3 . On the one hand, the lower cut size works towards an increased amount Fig. 4 . Images of the same particle using two different detectors. a) Image captured using EsB b) Image captured using SE detector. Particles A, B and C are calcium oxide, iron oxide and carbonaceous material judged to represent coke or graphite, respectively. Area D is a clean surface of the larger iron oxide particle.
of fines in the underflow. On the other hand, the efficiency of separation increases with increasing inlet pressures; this results in an increased portion of the particles finer than five micron reporting to the overflow. The net effect of this is decreased zinc content of the underflow, as illustrated in Fig.  5(b) . Considering the actual recovery of zinc in the underflow, the results are more erratic. This is due to the fact that no clear trend was observed for the solids recoveries when varying the inlet pressure. By changing the diameter of the apex, keeping all other parameters constant, the effect of different ratios between the diameter of the vortex finder and apex was studied. Figure 6 illustrates the effect of different ratios on the separation efficiency curve and Table 4 presents the imperfection and cut size, d 50 , of the experiments. Figure 6 shows that the definition of the imperfection used fails to describe the sharpness of separation for a ratio of two. Therefore, the experimental results were modeled according to Eq. (2). The equation represents an efficiency curve and Y is the fraction of feed reporting to the underflow, X is the particle size, A is a value representing the slope of the curve, B is the by-pass, i.e., intersection with the Y-axis, and C is the cut size. Using Eq. (2), the three experiments were described and the d 25 , d 50 , d 75 and imperfection were calculated for each modeled experiment. The imperfection calculated from the modeled experiments, presented in Table 4 , quantifies what can be observed in Fig. 6, i. e., increasing the ratio from two to three continuosly improves the sharpness of separation.
The Tromp curve in Fig. 6 shows that keeping the diameter of the vortex finder constant while increasing the diameter of the apex brings more finer particles into the underflow and, consequently, the cut size is decreasing. As the zinc is mainly distributed in the minus five micron fraction, Table 3 , the recovery of zinc in the underflow is increased. Thus, operating at a ratio of three compared to 2.4 or two improves the recovery of zinc in the overflow. Furthermore, the additional fines reporting to the underflow when operating on a ratio lower than three significantly increase the zinc content of the underflow. Therefore, increasing the ratio of the diameter of the vortex finder and apex from two to three improves the sharpness of separation and alters the cut size, favoring the separation efficiency of zinc.
Comparison of One-and Two-stage Hydrocycloning
The separation efficiency curves of the one-and twostage hydrocyclone experiments yielding the most efficient separation for one-stage and two-stage experiments, respectively, are presented in Fig. 7 . The figure illustrates that most of the minus five micron fraction reports to the overflow. The tabulated values of the imperfection, Table  5 , show that, as expected, the sharpness of separation of the two-stage experiment is superior to that of the one-stage. The imperfection is improved by 16% when operating the two stage setup compared to the one stage. The separation efficiency curves of both the one-stage and two-stage experiments deviate from the typical smooth S-shape of this type of curve. This deviation appears between 14 μm and 25 μm. The appearance of the curves in this size range suggests that each curve is made up of two separate curves; one of less dense phases with a higher cut point and one of denser phases. This is an effect of the heterogeneity of the sludge.
The results of the zinc removal and iron, carbon and solids recovery for the experiments presented in Fig. 7 are presented in Table 6 . Considering the distribution of zinc with size, Table 3 , the difference in zinc removal can be attributed to the higher recovery of the finest particles in the two-stage experiment compared to the one-stage, as seen in Fig. 7 . The repeatability of the experiments was confirmed by running the same setup in triplicate. By keeping all parameters constant, only changing sludge samples between each experiment, it was found that the distribution of zinc in the overflow was 70.3, 73.6 and 72.7%. From these experiments, the standard deviation was calculated to 1.7%. Therefore, the zinc removal of the two experiments presented in Table 6 is separated by more than one standard deviation. The standard deviation of the solids, iron and carbon recoveries was 0.9, 0.8 and 1.3% respectively.
Comparing the results presented in Tables 3 and 6 the zinc removal and corresponding iron recovery achieved in the hydrocycloning is above what can be expected when considering the ultrasonic sieving. This suggests that the dominant zinc containing phase is less dense than the oxidic iron phases. Therefore, the results of the leaching can be complemented by suggesting that the distribution between zincite and smithsonite is dominantly smithsonite, as this mineral has a lower density.
Considering the size distribution of carbon, as seen in Table 3 , the recovery of carbon in both experiments could be expected to be significantly higher. However, graphite and coke, detected in the XRD, have considerably lower specific gravities than e.g., the iron oxide phases. The results are considered to be reasonable. Furthermore, the flaky morphology of the carbonaceous particles, observed in the SEM, also supports that carbon tends to the overflow.
The effect of the association of zinc with the different phases, observed in the SEM, on the results of the hydrocycloning is unclear. The particles in the submicron and micron range found on the surface of larger particles may leave the host particle as a result of the action of the pump in the hydrocyclone rig. Figs. 8(a) and 8(b) , results from all the different experimental setups are presented. Each data point represents one unique hydrocyclone setup with respect to design and process parameters. In order to evaluate the results, a multi objective optimization approach was employed. Four objectives were identified; namely, maximizing the removal of zinc from the sludge and maximizing the recovery of iron, carbon and solids. Figure 8(a) illustrates that there is no conflict between increasing the recovery of iron and solids. Figures comparing the recovery of solids and carbon as well as iron and carbon were produced; these are omitted to avoid repetition. These figures illustrate that there was no conflict in any of these cases. Figure 8 (b) shows that there are two regions, denoted 1 and 2, where there is essentially no conflict between an increased zinc removal and recovery of iron. When operating setups reaching zinc removals above 67%, the region denoted 3 in Fig. 8(b) , there is a pronounced conflict with the recovery of iron. The same trends were observed for the objectives of maximizing the recovery of total solids and carbon with the zinc removal. These figures are omitted to avoid unnecessary repetition. Table 7 summarizes the conflicts of the different objectives.
Multi-Objective Optimization of the Hydrocycloning Process In
Based on the principle of classification of the hydrocyclone and the results of Table 3 it is clear that there will be a conflict between zinc removal and the recovery of iron, carbon and total solids when aiming at a high zinc removal. Furthermore, studying Fig. 8(b) , the previous argument that the separation of iron from zinc is not entirely governed by size is strengthened, as the combination of zinc removal and iron recoveries recorded is better than what can be expected from Table 3 . Also, the previous arguments regarding the effect of density and morphology of the carbonaceous material on the recovery are confirmed when considering all experiments. By assuming no conflict in the two regions of the two virtually horizontal lines, denoted 1 and 2 in Fig. 8(b) , the best hydrocyclone setups regarding zinc removal and recovery of iron, carbon and total solids were selected. Furthermore, the hydrocyclone setup yielding the highest zinc removal and corresponding recoveries was selected for the conflict region denoted 3. The results of these experimental setups, presented in Table 8 , are the basis of the decision-making regarding choice of hydrocyclone design and operating parameters.
From a process point of view there is a threshold of minimum zinc removal required to enable recycling to the BF without inducing an accumulation of zinc in the furnace. This value has to be determined by a plant-specific system analysis and is therefore not reported in this paper. However, from the results presented in Table 8 , it is clear that the required zinc removal will determine the amount of iron, carbon and total solids that can be recovered from the BF sludge. Therefore, the setup allowing the recovery of iron, carbon and solids to be maximized while satisfying the zinc removal criteria determined by the system analysis should be chosen.
If the required zinc removal is within the area of conflict, region 3 in Fig. 8(b) , there is yet another parameter to be considered; namely, operating a one-or two-stage setup. As the one stage setup can be designed to remove 74% of the zinc while recovering 66, 37 and 59% of the iron, carbon and solids, respectively, the additional complexity and capital cost of a two-stage setup can be avoided while still achieving satisfactory results using a one-stage hydrocyclone.
The dimensional and operating aspects of the three hydrocyclone setups yielding the results of region two and three in Table 8 are in line with the results of section 3.2.1, i.e., a high inlet pressure and a high ratio between the diameter of the vortex finder and apex of three. Also, the main difference in the increased zinc removal with the, essentially, constant iron recovery of region one can be attributed to higher ratios of the diameter of the vortex finder and apex.
Effect of Origin of BF Sludge
The solids recovery in the present study is significantly lower than what is reported in the literature for similar figures of the zinc removal. 4, 5) Furthermore, the maximum zinc removal achieved in the present study is considerably lower than what has been achieved previously. [3] [4] [5] Interestingly, the highest zinc removal figures of 90-91% [3] [4] [5] have been reported for solids recoveries outperforming that which is reported for the 77% zinc removal in the present study. This shows that, indeed, the circumstances determining the properties of the sludge have a great influence on the efficiency of the hydrocyclone in reaching a high zinc removal while recovering solids rich in iron and carbon to the BF.
The major factor determining the efficiency of using the hydrocyclone as a dezincing unit, aiming at recovering as much solids as possible in the underflow, is the primary gas cleaning equipment. As discussed in section 3.1, the results from ultrasonic sieving of the sludge in the present study and that of Heijwegen and Kat 2) suggested that using hydrocycloning to dezinc the sludge had less potential after using a primary aerocyclone compared to a primary dust catcher. It is likely that the difference in performance observed between the literature and the present study, as discussed above, also stems from the use of different primary gas cleaning equipment. No data to compare the overall efficiency of using either a primary aerocyclone or dust catcher together with a hydrocyclone were available. However, based on the results of the present study, it has been estimated that the recycling achieved by operating a primary aerocyclone can be improved from 79% to 92% of the total dust emissions by introducing a hydrocyclone. This estimation is site-specific and based on the assumption that the one-stage hydrocyclone setup yielding the highest zinc removal was required to enable recycling of the BF sludge. Furthermore, as the overflow of the hydrocyclone is theoretically self-reducing, there is potential to agglomerate and recycle the remaining part of the dust emission from the BF to e.g., the desulfurization plant or basic oxygen furnace.
Hot Sulfuric Acid Leaching
There are cases where sulfuric acid has been regarded as unsuitable to use as leaching agent. 2, 9) In both of these cases the conditions of the leaching have not justified the use of the acid, whether the conditions are too mild 2) or leaching time is unreasonably prolonged, at least for the purpose of zinc removal, resulting in a high leaching yield of iron. 9) However, studies show that the use of sulfuric acid is superior to other mineral acids such as hydrochloric acid and nitric acid when it comes to removing as much zinc as possible from BF sludge. 7, 9) It has also been demonstrated that sulfuric acid is superior to hydrochloric acid and nitric acid in the leaching of zinc in synthetic zinc ferrite. 18) In the present study, the hot acid leaching using sulfuric acid at pH 1 resulted in a leaching yield of 95% of the zinc, leaving a residue with a zinc content of 0.025%. In addition, the recovery of iron in the residue was 91%. These results are in line with results presented in the literature, 7) suggesting that, indeed, sulfuric acid is a good leaching agent for dezincing BF sludge while maintaining most of the iron in the residue.
The course of the hot sulfuric acid leaching is presented in Fig. 9 . The leaching of zinc is essentially completed after ten minutes and prolonged leaching solely works towards increased heat losses, acid consumption and leaching of iron. Therefore, by ending the leaching experiment earlier the recovery of iron in the residue could have been further improved.
Calculating the final leaching recovery of zinc based on the analysis of the filtrate sample suggests that the recovery reaches a value of 105%. The deviation can be an effect of the use of different methods of analysis in the untreated sludge and filtrate. In order to follow the leaching operation in terms of leaching recovery, Fig. 9 , rather than concentration of zinc in the leaching liquor, the ratio of the leaching recoveries obtained based on the analysis of the residue and filtrate was utilized to scale down the leaching recoveries of the samples of the leaching liquor sampled after 5, 10 and 15 minutes.
A leaching operation using the setup of the current paper would successfully dezinc the sludge, enabling the recycling of a leaching residue containing 86% of the total solids, 91% of the iron and 100% of the carbon in the original sludge. However, if the demand on the zinc removal is lower, the leaching procedure can be designed to retain more iron in the residue. If the leaching of the weak acid soluble zinc phases, zincite and smithsonite, achieved at pH 3 is satisfactory, the iron recovery can be increased to above 96%. Furthermore, this would increase the total recycling of solids in the sludge to 93%.
Solution purification was not considered in the experimental part of this paper. However, an approach similar to that described and studied in the European Commission funded project "Integrated, cost effective and clean treatment of EAF dust (INTECT)" 19) can be considered. Cementation of iron by elemental zinc would further increase the recycling and maximize the material utilization. Adding alkali metal carbonates to the cemented leaching liquor would precipitate zinc carbonate. Finally, the production of zinc oxide by thermal decomposition of the zinc carbonate makes the zinc product suitable for sale to zinc processing plants, thus maximizing the recycling and minimizing the landfill at the steel plant.
Conclusions
In the present paper, BF sludge with low zinc content, generated in a BF operating an aerocyclone as the primary gas cleaning equipment, has been studied. The characterization of the sludge has been utilized as a starting point in order to design and evaluate the performance of two different zinc removal processes; namely, hydrocycloning and sulfuric acid leaching. Using a multi-objective optimization approach to evaluate the results of the different hydrocycloning setups it was found that there is no conflict between the increased recovery of iron, carbon and solids. However, as a consequence of the characteristics of the sludge, a conflict between removal of zinc and recovery of iron, carbon and solids arises when aiming at removing more than 67% of the total zinc. Depending on the requirement on the removal of zinc, it was concluded from the multi-objective optimization analysis that three different hydrocyclone setups are optimal to use:
• A, comparably, low requirement on the zinc removal allows 55% of the zinc to be removed while recovering 78, 61 and 73% of the iron, carbon and solids, respectively. • A, comparably, medium requirement on the zinc removal allows 67% of the zinc to be removed while recovering 73, 50 and 68% of the iron, carbon and solids, respectively. • Maximizing the zinc removal allows 77% of the zinc to be removed while recovering 57, 32 and 51% of the iron, carbon and solids, respectively. From the sulfuric acid leaching experiments it was concluded that:
• By hot sulfuric acid leaching, 95% of the zinc can be removed from the sludge while recovering 91, 100 and 86% of the iron, carbon and solids, respectively, for charging in the BF.
• Depending on the requirements on the zinc removal, the leaching can be designed to further increase the amount of sludge, and therefore iron, to be recycled in the BF. Thus, the results of the lab-scale experiments of the present paper suggest that it is possible to dezinc the BF sludge, making it eligible for in-plant recycling. This would enable the recycling of 51 to 93% of the BF sludge, depending on the requirement on zinc removal and chosen dezincing route.
